Introduction {#s1}
============

Anxiety is a frequent and incapacitating psychiatric disorder that affects 15--20% of children and adolescents (for a discussion on the prevalence and the definition of anxiety in youths, see Beesdo et al., [@B13]). Pathological anxiety is defined by persistent or extensive anxiety and avoidance behavior, associated with subjective distress and impairments in daily life. These features make it possible to distinguish pathological anxiety from normative and developmental fears and concerns that often emerge during childhood and adolescence, but which are transient and do not interfere with the functioning of youths (Beesdo et al., [@B13]). Anxiety disorders in children ranges from high temperamental trait anxiety to clinical anxiety disorders, including separation anxiety disorder (SEP), social anxiety disorder (SAD), generalized anxiety disorder (GAD), panic disorder (PD), and agoraphobia disorder (AD) (Beesdo et al., [@B13]). Without intervention, anxiety is often a lifelong problem that persists into adulthood and significantly affects personal and professional achievements (Beesdo et al., [@B13]).

Anxiety significantly impairs cognition and anxious individuals consistently show a biased cognitive processing of emotional information (for a review, see Bar-Haim et al., [@B9]). Biases in the processing of emotional stimuli, such as threatening words or angry faces, have been reported in healthy children with a high level of temperamental trait anxiety and in children diagnosed with clinical anxiety disorders (for a review, see Puliafico and Kendall, [@B114]), suggesting that anxiety acts as an on/off filter in the cognitive processing of emotional information. As cognitive biases are postulated to play a role in the etiology and maintenance of anxiety, researchers have attempted to defined the exact stages of information processing that are affected by anxiety. Notably, Richards et al. ([@B115]) distinguished between hypervigilance to threat, corresponding to the fast selection of threatening information in the environment, and selective attention to threat, which refers to the preferential processing of this information.

Given their high temporal resolution, event-related potentials (ERPs) constitute a very suitable method for exploring the dynamics of emotional processing (for a review, see Olofsson et al., [@B105]; Carretié, [@B21]). Numerous studies in anxious adults have demonstrated elevated amplitudes of early and late parietal components (Holmes et al., [@B55]; Michalowski et al., [@B95]; Mueller et al., [@B98]; Rossignol et al., [@B117]). However, studies in children are scarce and, to our knowledge, there has been no attempt to date to integrate the existing findings.

Accordingly, a first aim of this review is to summarize results stemming from electrophysiological studies that have explored ERP correlates of attention to threat in children suffering from clinical anxiety disorders and subclinical anxiety. A second aim of this review will be to discuss the role of attention and particularly attentional control in these biases. Indeed, contemporary models of attention postulate the coexistence of two neural systems, namely an automatic, stimulus-driven attentional system, and a more strategic, goal-directed attentional system (Posner and Petersen, [@B112]; Corbetta and Shulman, [@B22]). The balance between these two systems is ensured by attentional control (Eysenck et al., [@B34]). According to the Attention Control Theory (ACT, Eysenck et al., [@B34]), anxiety disrupts attentional control, leading to orientation of attention toward threatening but irrelevant events in a bottom-up manner, and disables the inhibition of such processing in a top-down manner. The hypothesis of an impoverished attention control in high anxiety has been supported by research showing reduced activity of the prefrontal cortex (PFC) (Bishop, [@B15]) and disrupted attentional control during emotional processing (Ansari and Derakshan, [@B2],[@B3]; Osinsky et al., [@B106]). Consistently, Telzer et al. ([@B127]) have shown that adolescents (11--18 years-old) with a high level of anxiety demonstrate a selective attention bias toward angry faces associated with an enhanced recruitment of the right dorsolateral PFC, suggesting that that high anxiety requires increased cognitive control to reorient attention after processing threatening cues. Accordingly, an interesting question concerns the efficiency of attentional control in children and its role in the emergence of cognitive biases, since this process gradually develops during childhood. According to Lonigan and Phillips ([@B80]), low effortful control abilities mediate the development of negative affectivity by shaping stimulus selection and then the subsequent cognitive and emotional processing (Lonigan and Vasey, [@B81]). Moreover, this model argues that children with high levels of negative affectivity demonstrate an automatic attentional bias for threat, but they may vary in their capacity to use voluntary attentional control to override this bias (Lonigan et al., [@B82]).

Hence, good attentional control may be protective against the development of pathological anxiety; it should therefore be important to examine the consistency of results between children suffering from subclinical and clinical anxiety, as well as in young children with high levels of shyness or behavioral inhibition (BI), described as a precursor of anxiety emergence (Van Ameringen et al., [@B129]; Muris et al., [@B100]).

Accordingly, this review will focus on five ERP components in order to evaluate their value in understanding the attentional biases present in children with anxiety. First, after the presentation of a visual stimulus, one may record the following component: (1) the P1, which indexes early automatic, exogenous attention (Carretié, [@B21]); (2) the N2, which is associated with conflict detection, and (3) the P3, reflecting motor control and response inhibition (Enriquez-Geppert et al., [@B33]; Luijten et al., [@B84]); (4) the LPP component, which indexes sustained attention toward motivationally salient information (Cuthbert et al., [@B24]). Finally, after the response production stage, (5) the error-related negativity (ERN) is also associated with response evaluation and cognitive control mechanisms (Hajcak et al., [@B49]). For each component, we will describe its development in childhood, its functions, and its relevance in studying emotional attention, before reviewing results stemming from empirical ERP studies (summarized in Table [1](#T1){ref-type="table"}). Finally, we will discuss the implications for future research and theoretical perspectives in the framework of current models of childhood anxiety.

###### 

**Results from empirical ERP studies in children with anxiety**.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Reference**                       **N**                      **Diagnoses**                           **Age**                **Questionnaires**                                       **Behavioral measures**        **Electrophysiological measures**   **Results**
  ----------------------------------- -------------------------- --------------------------------------- ---------------------- -------------------------------------------------------- ------------------------------ ----------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Buss et al., [@B18]                 35 (19♂)                   Healthy controls                        4- to 8-years-old      CBQ                                                      The ANT test                   EEG\                                N2 effect in children older than 6 years old \[*F*~(1,\ 11)~ = 9.05, *p* \< 0.01\]\
                                                                                                                                                                                                                        ERP (N2)                            Increase in N2 was associated with less efficient executive attention and lower temperamental effortful control.

  Carrasco et al., [@B20]             13\                        GAD and/or SAD\                         8- to 16-years-old     K-SADS-PL\                                               Eriksen Flanker Task           EEG\                                Compared to healthy controls, ERN amplitude was increased in patients with either OCD or other anxiety disorders \[*F*~(2,\ 62)~ = 7.16, *p* = 0.0016\]\
                                      26\                        and/or OCD\                                                    CBCL\                                                                                   ERP                                 Scored from the CBCL had a correlation with ERN amplitude in all subjects (*r* = −0.30, *p* = 0.013; *p* = −0.33, *p* = 0.007)
                                      27                         OCD\                                                           CDI\                                                                                                                        
                                                                 Healthy controls                                               MASC                                                                                                                        

  Davies et al., [@B25]               151 (89♀)                  Healthy controls                        7- to 18-years-old                                                              Visual Flanker task            EEG\                                ERN amplitude in error trials increased with age \[*F*~(1,\ 122)~ = 20.9, *p* \< 0.001\]\
                                                                                                                                                                                                                        EOG\                                The Pe amplitude did not change with age. CRN amplitude was larger in children than in adults \[*F*~(1,\ 116)~ = 8.6, *p* = 0.004\]
                                                                                                                                                                                                                        ERP (ERN, CRN, Pe)                  

  DeCicco et al., [@B26]              34 (13♀)                   Healthy controls                        5- to 7-years-old      CBCL\                                                    IAPS The black box task        EEG\                                Larger LPP amplitude for unpleasant pictures \[*F*~(2,\ 60)~ = 11.85, *p* \< 0.001\]\
                                                                                                                                CBQ                                                                                     EOG\                                LPP was not sensitive to reappraisal \[*t*~(31)~ = −0.80, *p* = 0.42\]
                                                                                                                                                                                                                        ERP (LPP)                           

  Dennis and Hajcak, [@B28]           25 (13♀)                   Healthy controls                        5- to10-years-old      The Emotion Regulation Checklist CBCL                    IAPS                           EEG\                                Smaller LPP following neutral interpretations at posterior recording sites, \[*F*~(1,\ 16)~ = 7.93, *p* = 0.01) except for younger girls (aged 5--6 years) \[*F*~(1,\ 16)~ = 5.32, *p* \< 0.05\].\
                                                                                                                                                                                                                        EOG\                                Greater LPP modulation of the LPP by neutral interpretations was associated with reduced anxious-depressed symptoms (*r* = 0.49, *p* \< 0.05)
                                                                                                                                                                                                                        ERP (LPP)                           

  Henderson, [@B52]                   46 (24 ♀)                  Extreme Shyness                         9- to 13-years-old     EATQ-R\                                                  Eriksen Flanker Task           EEG\                                Shyness and N2 amplitude alone and in combination were associated with measures of social adjustment:\
                                                                                                                                SASC-R\                                                                                 ERP (N2)                            -Negative attribution style: β = 0.66, *t* = −3.09, *p* = 0.004/β = -0.45, *t* = −2.24, *p* = 0.03) -Self-perception of social acceptance: β = 0.28, *t* = 2.24, *p* = 0.03 -Social anxiety:\
                                                                                                                                CASQ\                                                                                                                       β = 0.89, *t* = 3.89, *p* \< 0.001 Shyness was associated with larger N2 amplitude or enhanced N2 responses.
                                                                                                                                SPPS                                                                                                                        

  Hum et al., [@B58]                  29\                        Clinically anxious\                     8- to 12-years-old     MASC\                                                    Go/NoGo                        EEG\                                Greater P1 \[*F*~(1,\ 57)~ = 5.56, *p* = 0.022) and N2 \[*F*~(1,\ 57)~ = 9.48, *p* = 0.003\] amplitudes in anxious children\
                                      34                         Typically developing                                           CBCL\                                                                                   ERP (P1, N2, ERN, CRN)              Greater ERN and CRN in anxious children \[*F*~(1,\ 56)~ = 6.67, *p* = 0.012\]\
                                                                                                                                STAIC-S                                                                                                                     No differences between faces types or trials in anxious children.\
                                                                                                                                                                                                                                                            N2 amplitudes for calm faces predict self-reported anxiety levels \[*F*~(1,\ 61)~ = 5.16, *p* = 0.027\]

  Hum et al., [@B59]                  24 (8♂)\                   Anxious\                                8- to 12-years-old     MASC\                                                    Go/NoGo                        EEG\                                Greater P1 activation in non-improvers at both sessions (*p* \< 0.022)\
                                      16 (7 ♂)                   Non-anxious                                                    STAIC-S\                                                                                ERP (P1, N2)                        Greater P1 amplitudes at pre-treatment predicts non-improvement following treatment (*p* = 0.030)\
                                                                                                                                CBCL\                                                                                                                       Greater N2 activation for improvers at post-treatment (*p* = 0.043).
                                                                                                                                GIS                                                                                                                         

  Jonkman et al., [@B63]              16\                        Healthy controls                        6- to 7-years-old\     CBCL                                                     Go/no-go (CPT-AX task)         EEG\                                In children and adults, a bilateral source pair in the medial frontal cortex was involved in the generation of the N2.\
                                      17\                                                                9- to 10-years-old\                                                                                            EOG\                                Children need and additional posterior source. In 6- to 7-year-old children, this posterior source was localized in the occipito-temporal areas. In 9- to 10-years-old children, the posterior sources shifted to parietal locations.
                                      17                                                                 19 to 23-years-old                                                                                             ERP (N2)                            

  Kujawa et al., [@B69]               90 (41♂)                   53 anxiety disorders (AD)\              7- to 19-years-old     K-SADS\                                                  Emotional face-matching task   EEG\                                Response accuracy: AD = HC (*p* \> 0.46)\
                                                                 37 healthy controls (HC)                                       PARS\                                                                                   EOG\                                Response time: AD = HC (*p* \> 0.30)\
                                                                                                                                CDI                                                                                     ERP (LPP)                           Enhanced LPP amplitude to threat in AD in late stage of processing (*p* = 0.03)

  Ladouceur et al., [@B70]            19                         9 anxious\                              11- to 12-years-old\   K-SADS-PL\                                               Visual Flanker task            EEG\                                Increased ERN amplitude in anxious children \[*F*~(1.17)~ = 7.84, *p* \< 0.05\]\
                                                                 10 control                              12- to 16-years-old    CBCL\                                                                                   ERP (ERN, Pe)                       Neural generators of the ERN in the anxious group is localized to the ACC.\
                                                                                                                                SCARED\                                                                                                                     No group differences in Pe \[*F*~(1,\ 17)~ = 0.25, *p* = 0.62\]
                                                                                                                                CDI\                                                                                                                        
                                                                                                                                BDI                                                                                                                         

  Lahat et al., [@B72]                291 (125♂)                 Behavioral inhibition (BI)\             4 months\              CBCL\                                                    Visual Flanker Task            EEG\                                Children with high BI displayed at age 7 years larger ERN amplitude than those with low BI \[*F*~(1,\ 62)~ = 8.12, *p* \< 0.01\]
                                                                 Longitudinal study                      24 and 36 months\      SCARED-R\                                                                               ERP (ERN/CRN, Pe)                   
                                                                                                         7-years-old            K-SADS-PL\                                                                                                                  
                                                                                                                                TBAQ                                                                                                                        

  Lamm et al., [@B73]                 108 (48♂)                  Healthy controls                        2- to 7-years-old      TBAQ\                                                    The Zoo game\                  EEG\                                BI was associated with increased performance accuracy, longer reaction times, greater N2 activation and higher estimated doral ACC and DLPFC activation.
                                                                                                                                CBQ\                                                     (Go/no-go task)                ERP (N2)                            
                                                                                                                                CBCL                                                                                                                        

  Meyer et al., [@B94]                55 (31♂)                   Anxiety disorders                       8- to 13-years-old     Child\                                                   Visual Flanker Task            EEG\                                Among older children (≥12.43- years old) a larger ERN was related to increased anxiety based on parent report (*r* = −0.35, β = −0.53, *t* = 2.69, *p* \< 0.01).The relationship is opposite among younger children (*r* =0.23, β = 0.35, *t* = 1.67, *p* = 0.90)
                                                                                                                                SCARED\                                                                                 ERP                                 
                                                                                                                                Parent-SCARED                                                                                                               

  Meyer et al., [@B93]                295 parents and children   Anxiety disorders                       3-years-old            PSDQ                                                     Go/No go task                  EEG\                                Children with anxiety disorders are characterized by an increased ERN \[*F*~(1,\ 294)~ = 6.13, *p* \< 0.01 ERN amplitude is mediated by the relationship between harsh parenting and anxiety disorders in children.
                                                                                                                                                                                                                        ERP (ERN and Pe)                    

  Meyer et al., [@B92]                96                         48 anxiety disorders\                   6-years-old            PAPA\                                                    Go/ No Go task                 EEG\                                Larger ERN in anxious children \[*F*~(1,\ 95)~ = 1.41, *p* = 0.24\]\
                                                                 48 healthy controls                                            The Structured Clinical\                                                                ERP (ERN)                           Maternal history of anxiety disorder was associated with a smaller ERN \[*F*~(1,\ 92)~ = 4.47, *p* \< 0.05\]
                                                                                                                                Interview for DSM-IV                                                                                                        

  Moser et al., [@B97]                42                         21 (15♀) high level-socially anxiety\                          SPIN\                                                    Eriksen Flanker Task           EEG\                                No group differences emerged on the behavioral measures\
                                                                 21 (11♀) low level socially anxiety                            DASS                                                                                    EOG\                                Enhanced P3 amplitude for high socially anxious individuals \[*F*~(1,\ 40)~ = 12.49, *p* = 0.001, \*^2^ = 0.24\]\
                                                                                                                                                                                                                        ERP (N2, P3, LPP, CRN)              Enhanced P3 for threatening faces \[*t*~(20)~ = 4.42, *p* \< 0.001, *d* = 0.96\]

  Pollak and Tolley-Schell, [@B111]   28 (17♂)                   14 physically abused\                   8- to 11-year-old      PCCTS\                                                   Selective attention paradigm   ERP (P1)\                           Enhanced P1 response to angry faces \[*F*~(1.24)~ = 4,62; *p* \< 0.05\]\
                                                                 14 non-physically abused                                       RCMAS\                                                                                  EEG\                                Threatening cues affect the flexibility and the control of selective attention \[*F*~(1,\ 2)~ = 4.42, *p* \< 0.06\]
                                                                                                                                CBCL                                                                                    EOG                                 

  Santesso et al., [@B120]            37 (16♂)                   Healthy controls                        10-years-old           CBCL                                                     Visual Flanker Task            EEG\                                More reported OC behaviors were associated with larger ERN (*r* = −0.35, *p* = 0.02) and larger Pe amplitude (*r* = 0.43, *p* \< 0.005)\
                                                                                                                                                                                                                        ERP (ERN and Pe)                    The more error that were committed the less pronounced the ERN (*r* = 0.46, *p* \< 0.01) and Pe component (*r* = 0.33, *p* = 0.02)

  Santesso et al., [@B119]            39 (16♂)                   Control                                 10-years-old           JEPQR-S                                                  Visual Flanker Task            EEG\                                High scores on the Psychoticism and low scores on the Lie scale were associated with smaller ERNs.\
                                                                                                                                                                                                                        ERP (ERN and Pe)                    Smaller ERNs are associated with committing more errors on incongruent trials (*r* = 0.41, *p* \< 0.01)

  Solomon et al., [@B125]             39 (22♂)                   Healthy controls                        5- to 7-years-old      CBQ\                                                     IAPS\                          EEG\                                Larger LPP amplitude for pleasant and unpleasant stimuli\
                                                                                                                                CBCL                                                     The black box task             EOG\                                Association between LPP amplitude for unpleasant stimuli and fearful behaviors (*r* = 0.38, *p* \< 0.05)
                                                                                                                                                                                                                        ERP (LPP)                           

  Wiersema et al., [@B135]            13 children (7♂)\          Control                                 7- to 8-years-old\     Abbreviated WISC-III and short version of the WAIS-III   Go/no-go task                  EEG\                                Group did not differ in the ability to adjust to response strategies after making an error.\
                                      14 adolescents\                                                    13- to 14-years-old\                                                                                           ERP (ERN and Pe)                    The ERN amplitude increased with age \[*F*~(2,\ 36)~ = 5.49, *p* \< 0.008\
                                      (9♂)\                                                              23- to 24-years-old                                                                                                                                The Pe amplitude did not change with age
                                      17 young adults\                                                                                                                                                                                                      
                                      (10♂)                                                                                                                                                                                                                 
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The P100 {#s2}
========

The P100, or P1, is an exogenous component elicited in extrastriate areas of the visual cortex when a visual stimulus is detected (Csibra et al., [@B23]). The P1 indexes basic visual perceptual processing and peaks approximately 90--110 ms after the occurrence of the stimulus (Allison et al., [@B1]; Sass et al., [@B121]). While the P1 indexes early, pre-attentive processes, it may be modulated by a top-down attention processes and its amplitude increases with stimuli appearing in an attended location (Luck et al., [@B83]). Moreover, P1 amplitude is enhanced when viewing emotional as compared to neutral faces, indicating that emotional load globally enhances basic visual processes (Batty and Taylor, [@B11]). While an attention preference for emotional, and particularly negative, faces seems to develop from the first year of life (Peltola et al., [@B108]; Hoehl and Striano, [@B53]; Jessen and Grossmann, [@B61]), few studies have examined the P1 in response to emotional stimuli in normatively developing preschool to school-aged children (Taylor et al., [@B126]; Batty and Taylor, [@B12]; Todd et al., [@B128]).

During an implicit processing task involving emotional faces, Batty and Taylor ([@B12]) found that negative emotions (fear, disgust and sadness), in comparison to neutral or positive (happy and surprised) emotions, elicited later P1 latencies in 4- to 6-year-old children, but not in older children or adults, and postulated that young children rely on a rapid global processing for detecting emotion. This result was not replicated in a go/no-go study with children in the same age range, but those authors postulated that the faces used in their study may have been insufficiently disturbing to elicit emotional effect (Todd et al., [@B128]). Although inconsistent, these first results confirm the existence of a P1 response in preschool children, and emphasize the role of stimuli in modulating this brain response.

A second important result concerns the constant reduction of the P1 amplitude with age (Taylor et al., [@B126]; Batty and Taylor, [@B12]; MacNamara et al., [@B89]) which has been interpreted as indexing a reduction in cortical activity due to the increasing automaticity and efficiency of visual processing with age (MacNamara et al., [@B89]). Accordingly, the P1 amplitude may indicate the amount of cognitive resources devoted to processing a visual stimulus, with higher P1 indicating more attention and allocation of more cognitive resources.

Despite being of much interest, only few studies have investigated the P1 response in children with anxiety disorders. Preliminary results are described by Pollak and Tolley-Schell ([@B111]), who recruited 8- to 11-year-old physically abused children. Maltreated children showed important levels of anxiety and biases in their abilities to recognize, express, and regulate their emotional states (Pollak et al., [@B110]). Pollak and Tolley-Schell ([@B111]) used a selective attention paradigm where participants had to detect targets cued by emotional (angry and happy) faces. Behavioral results showed that maltreated children displayed hypervigilance toward angry faces, indicated by a faster response time (RT) for a target appearing in the location previously occupied by an angry face, and difficulties in disengaging from threat (i.e., a longer RT for targets appearing on the other side of the screen). Interestingly, physically abused children displayed enhanced P1 responses for angry faces, suggesting that threatening cues capture early attention and creates difficulty in control its allocation (Pollak and Tolley-Schell, [@B111]). More recently, Hum et al. ([@B58]) proposed a go/no-go task using angry, calm and happy expressions for typically developing children and clinically anxious children. They showed that, as compared to their age-matched peers, anxious children demonstrated greater P1 amplitudes in responses to faces, irrespective of their emotional content, showing heightened attention and/or arousal in response to these stimuli. The authors suggested that anxious children may have been more sensitive to the demands of the task, leading them to experience heightened arousal and to attribute more attentional resources to facial stimuli (Hum et al., [@B58]).

A comparable hypothesis of general hypervigilance/ hyperarousal was proposed by Peschard et al. ([@B109]) who reported enhanced P1 amplitudes in SAD adults while processing neutral and emotional faces, but also colored frames. Hence, anxiety could lead to an enhanced neural activation when performing experimental tasks. Unfortunately, the study by Hum et al. ([@B58]) did not allow attribution of the P1 enhancement to a particular type of anxiety disorders or even to a specific dimension of anxiety since participants in their study presented different types of anxiety disorders (GAD, SAD, and SEP) and comorbid anxiety disorders.

In a second study, Hum et al. ([@B59]) examined the changes induced by a cognitive behavioral therapy (CBT) program by measuring ERP responses before and after the intervention, in children presenting clinical anxiety disorders (SEP, SAD, GAD). They showed that higher P1 amplitudes at pre-treatment predicted non-improvement after the therapy. Moreover, children who did not improve in terms of anxiety levels after treatment had greater P1 amplitudes in both sessions, in comparison to children for whom anxiety levels decreased after treatment (Hum et al., [@B59]). Unfortunately, this study encountered the same limitations as the previous one, as participants with various and comorbid anxiety disorders were recruited. Moreover, some children participating in the CBT protocol also had other pediatric conditions, such as ADHD, which may have reduced their response to a therapy targeting anxiety. Nevertheless, one may conclude that these results suggest that enhanced perceptual vigilance, representing heightened attention and arousal processes, limits the response to CBT strategies that are focused on more explicit strategies. Accordingly, it would be interesting to evaluate if P1 can be enhanced by a retraining of the attention processes, as proposed in the Attention-Bias Modification (ABM) programs that has been shown to reduce attention biases and anxiety symptoms in anxious children (Bar-Haim et al., [@B10]).

The N200 {#s3}
========

The N200 or N2 is a fronto-central negativity observed at 200--300 ms post-stimulus which is generated by frontal structures, such as the anterior cingulate cortex (ACC) and the orbito-frontal cortex (Banich et al., [@B5]; Nieuwenhuis et al., [@B103]). The N2 is thought to index conflict monitoring and its amplitude reflects the extent to which attentional control is required to resolve conflict and inhibit incorrect responses (Van Veen and Carter, [@B130]; Nieuwenhuis et al., [@B103]; Dennis and Chen, [@B27]). The N2 is evoked during tasks in which two or more incompatible response tendencies are activated simultaneously, requiring the inhibition of a pre-potent response, or including incongruent stimuli, such as go/no-go or Flanker tasks. Thus, the N2 is linked to effortful control, i.e., individual differences in the ability to engage executive processes to inhibit dominant responses (Posner and Rothbart, [@B113]).

From a developmental perspective, the N2 is already seen at the age of 4 in the context of cognitive emotional challenges (Nelson and Nugent, [@B101]; Todd et al., [@B128]). The N2 amplitude is larger in young children, particularly under conditions that require cognitive control (Lamm et al., [@B74]; Todd et al., [@B128]; Buss et al., [@B18]) and decreases with age. This decline correlates with better achievement in cognitive tasks (Lewis and Stieben, [@B78]; Henderson, [@B52]). Henderson ([@B52]) demonstrated that the age-related changes in the N2 components are due to the ongoing development of the ACC and the PFC. Moreover, the structures involved in cognitive control processes evolve with time. Using a go/no-go task, Jonkman et al. ([@B63]) identified a bilateral source pair in the medial frontal cortex that was involved in no-go N2 activity in both children and adults. However, an additional posterior source was needed to explain the N2 distribution in children. This posterior source was localized in occipito-temporal areas in 6- and 7-year-old children, to shifting to parietal locations in 9- and 10-year-olds. The additional activation of posterior sources in the youngest children might indicate that executive control performance is less automatic or requires more effortful and attentional control (Jonkman et al., [@B63]). Recently, Buss et al. ([@B18]) suggested that the N2 is a good biomarker for conflict-monitoring efficiency for children older than 6 years, who show larger N2 amplitude to incongruent compared to congruent flankers, but not in preschool-aged children. Indeed, after controlling for age, the N2 enhancement was associated with less efficient executive attention and a resource depletion that corresponded to interference with executive attention interference (Buss et al., [@B18]). To summarize, studies have considered enhanced N2 amplitude as reflecting less efficient monitoring of cognitive and emotional conflict.

In line with this concept, enhanced N2 amplitudes have been reported in conditions that are precursors to of anxiety disorders. In a first study, Henderson ([@B52]) showed that shyness was unrelated to behavioral performances or ERP measures in a sample of typically developing 9- to 13-year-old children when performing an Eriksen Flanker task, but an extremely shy temperament in combination with larger N2 amplitudes predicted social anxiety outcomes. These results suggest that conflict sensitivity may alter the regulation of attention and emotion and reinforce the negative influence of temperamental factors. Recently, Lamm et al. ([@B73]) observed that early reports of BI (at age 2 or 3) was associated with social reticence in 7-year-old children who demonstrated enhanced N2 amplitudes and higher activation of the ACC and the dorsal lateral PFC for no-go trials. Although these results did not allow a conclusion as to whether N2 activation results from social reticence or if it is a predictive factor for social reticence, they do suggest that a high level of control-related neural activation in childhood may be a biomarker for future anxiety symptoms, particularly in conjunction with an inhibited temperament.

Results in clinically anxious children are more controversial. Hum et al. ([@B58]) showed that anxious children had greater frontal N2 amplitudes to faces showing all emotions, while age-matched peers showed enhanced N2 amplitudes specifically for angry faces. Moreover, the differences observed in neural activation were not due to variations in task performance since anxious and non-anxious children had comparable behavioral performances (Hum et al., [@B58]). Hum et al. ([@B58]) proposed that this enhancement indicated heightened neural activation due to emotional regulation processes, either because all emotional faces were appraised as threatening by anxious children, or because they felt anxious throughout the experiment and were less sensitive to the actual emotion load of the stimuli. Interestingly, more negative N2 amplitudes for neutral faces predicted increased self-reported anxiety, consistent with the idea that neutral faces may be perceived as threatening in anxious individuals (Hum et al., [@B58]). However, in a second study using the same paradigm in children of the same age, the authors did not replicate their finding and found that anxious children did not have greater N2 amplitudes relative to the comparison group (Hum et al., [@B59]). Since this second study compared relatively small groups of participants with various types of anxiety disorders in the clinical groups, a lack of statistical power may be the reason for the lack of replication, but the existence of the N2 enhancement in anxiety states should be confirmed in future studies. More disturbing, in their second study in which they measured ERP responses before and after a CBT treatment, Hum et al. ([@B59]) reported an increase in N2 amplitude from pre- to post-treatment in those who improved.

The P300 {#s4}
========

The P300 or P3 is a positive component that peaks 300--500 ms after stimulus onset at parietal and midline scalp sites (Segalowitz et al., [@B123]; Hajcak et al., [@B48]). The PFC seems to be the primary generator of the P3 (Halgren et al., [@B51]). Classically, the P3 is measured in go/no-go conditions (Bokura et al., [@B16]). The literature has associated the P3 with response inhibition (Falkenstein et al., [@B37]; Righi et al., [@B116]; Enriquez-Geppert et al., [@B33]). In go conditions, the P3 is maximal at centro-parietal sites whereas in no-go conditions, the P3 is maximal at fronto-central sites (Fallgatter and Strik, [@B38]; Weisbrod et al., [@B132]). Weisbrod et al. ([@B132]) showed that the P3 was lateralized to the left side of the PFC during no-go trials highlighting the importance of this area in attentional control. In this review, we will mainly focus on the no-go-P3.

Bruin et al. ([@B17]) showed that the P3 amplitude was enhanced when responses required stronger inhibition. The P3 follows a slow developmental course in childhood. Davies et al. ([@B25]) used ERPs to investigate the response inhibition through the P3 in 6-year-old children, in comparison to a group of adults. During this task, participants performed a task that required selective responses to target stimuli while inhibiting responses to equally salient non-target stimuli. The results of Davies et al. ([@B25]) showed that the neural activity measured by P3 differed between adults and children, suggesting that they may use different processes to perform an inhibition task (Davies et al., [@B25]).

Using a go/no-go task, Jonkman et al. ([@B62]) compared the performance and ERP activity of 9- to 10-year-old children with those of adults. They observed that, in comparison to adults, children showed reduced or absent frontal P3, which would be due to an immature response inhibition processing in middle childhood (Jonkman et al., [@B62]). From a behavioral point of view, significant age effects were observed on hits, false alarms, impulsivity and inattention scores. Indeed, adults had more hits and less false alarms than children and were less impulsive and inattentive (Jonkman et al., [@B62]). Jonkman ([@B64]) wanted to extend these results on neurocognitive development of the response inhibition measured by the P3 in a go/no-go task. Jonkman ([@B64]) compared a group of 6- to 7-year-old to a group of 9- to 10-year-old and a group of adults of 19--23 year of age. The author observed a linear increase in the P3 effect with age. Indeed, a small effect was observed in late childhood at the midline frontal-central electrodes, but not in 6- to 7-years-olds. Furthermore, after 11-years-old, the P3 was recorded at frontal electrodes (Jonkman, [@B64]). These studies highlighted the fact that the P3 has a late development starting at about 10 years of age and are in agreement with previous studies (Jonkman et al., [@B62]; Okazaki et al., [@B104]). These data can be related to the late development of the networks involved in the regulation of motor preparation and response inhibition (Jonkman, [@B64]) and with the increase of the cortical efficiency with age (Lewis et al., [@B77]).

While the P3 presents a major interest in studies of motor response preparation (in go trials) and inhibition (in no-go trials), only few studies have measured this component in children with anxiety. Some preliminary results may be found in the study by Shackman et al. ([@B124]), who, using a modified recognition oddball task, investigated how physically abused children process conflicting visual and emotion cues posed by their mothers or a stranger. They found that abused children showed enhanced P3 amplitudes in response to anger expressed by their own mother. Authors concluded that abused children exert more cognitive effort both to engage their attention toward salient anger cues and concurrently to inhibit the processing of irrelevant affective cues in the environment.

Éismont et al. ([@B30]) examined the characteristics of amplitudes and frequencies of ERPs in 10- to 11-year-old children suffering from low and high anxiety levels with a two-stimulus go/no-go paradigm. They showed that the P3 wave for children with high anxiety levels were lower than for those of the same age with low-anxiety levels, suggesting that there are particularities in the functioning of the cerebral systems in anxious individuals. These authors supported the idea that decreased EP amplitudes in high anxiety children reflect insufficient maturity and unbalanced functioning of the brain structures (Éismont et al., [@B30]).

The late positive potential (LPP) {#s5}
=================================

The late positive potential (LPP) is a slow positive wave appearing at midline parietal sites at 400--600 ms after the onset of a relevant stimulus (Cuthbert et al., [@B24]). The LPP reflects sustained attention toward motivationally salient information (Kujawa et al., [@B69]). It has been proposed that the LPP reflects the same mental processes as the P3 (Kok, [@B66]) but unlike the P3, the LPP has been shown to be sustained throughout and even after picture presentation (Cuthbert et al., [@B24]; Hajcak and Olvet, [@B50]). Furthermore, the scalp topography is different between the LPP and the P3. Indeed, there is a scalp shift in the LPP from a parietal positivity in the 100--1000 ms range to a more superior positivity in the 1000--2000 ms range suggesting that the LPP is a slow wave (Hajcak et al., [@B47]; Foti and Hajcak, [@B39]) whereas the P3 is a peak (Foti et al., [@B40]). Furthermore, Foti et al. ([@B40]) showed that the LPP reflects emotionally relevant processing, which is distinct from the P3. The LPP has been demonstrated to be associated with the activation of the visual cortex, as well as subcortical structures including the amygdala, ventral striatum, ACC and anterior insula (Liu et al., [@B79]).

The LPP has been demonstrated to be larger for emotional, both pleasant and unpleasant, stimuli (Cuthbert et al., [@B24]). Using an emotional face-matching task, MacNamara et al. ([@B88]) has demonstrated that the LPP is larger for pictures of faces than of geometric shapes. Previously, Grasso and Simons ([@B45]) has demonstrated that personally salient social stimuli, such as pictures of a relative, also elicit larger LPPs. Finally, the LPP has been demonstrated to be larger for stimuli described as negative in comparison to stimuli described as neutral (MacNamara et al., [@B87]).

In children, the LPP appears maximal at slightly more occipital recording sites as compared to adults, and was not evident in the ERP beyond 1500 ms. Recently, Kujawa et al. ([@B67]) studied the electro-cortical reactivity to emotional faces in a sample of 3- to 6-year-old children and showed that the LPP arose in response to emotional faces in children who were only 6 years of age. Three studies evaluated the LPP in response to emotional pictures from the International Affective Picture System (IAPS, Lang and Bradley, [@B75]). First, Solomon et al. ([@B125]) examined whether the LPP is sensitive to emotional content in healthy young children and whether this varies with affective individual differences. To do so, they measured neural responses to 30 unpleasant pictures (e.g., air crashes, snakes), 30 neutral pictures (e.g., household objects) and 30 pleasant pictures (e.g., Disneyworld, ice-cream) in 5- to 7-years-old children. They found that children showed larger LPP amplitudes for emotional stimuli. Second, Hajcak and Dennis ([@B46]) confronted 5- to 8-year-olds with developmentally appropriate pictures and they recorded an increased amplitude of the LPP in response to unpleasant pictures. The differences in these studies may be partly due to the arousal by these stimuli. Indeed, Hajcak and Dennis ([@B46]) found that pleasant stimuli were rated as more arousing than unpleasant stimuli in 5- to 10-years-olds. However, in the study by Solomon et al. ([@B125]), the results can be interpreted as indicating the increased effort needed to interpret neutral facial expressions, because they are perceived as ambiguous and that this ambiguity is thought to convey emotion in anxious children.

Finally, Kujawa et al. ([@B67]) found larger LPPs to emotional and neutral scenes in 8-to 10-year-olds than in a group of 11-to 10-year-old children. According to the authors, the age-related decrease suggests a shift in attentional allocation and stimulus processing which may be due to maturation of the cortical structures (Kujawa et al., [@B67]). In another study, these authors investigated the same children 2 years later, and confirmed the decrease of the LPP amplitude over time (Kujawa et al., [@B68]). MacNamara et al. ([@B89]) replicated these finding while studying age-related change in ERPs elicited by emotional faces across an age span of 7- to 19-years-old. Kujawa et al. ([@B68]) also investigated the stability of the LPP across development. They assessed this component during an emotional-interruption task following pleasant, unpleasant and neutral images in 8-to 13-year-old children that the results indicated that the LPP is quite reliable across ages. Thus, LPP appears to be a stable measure of emotional processing across a large period of development (Kujawa et al., [@B68]).

An important study by Kujawa et al. ([@B69]) recruited children of 7-to 19-year-old with anxiety disorders who were exposed to an emotional face-matching task in which participants were shown fearful, happy or angry faces. Kujawa et al. ([@B69]) observed a persistent enhancement of LPP amplitudes in the relatively late stages of processing (until 1000--2000 ms after the presentation of angry and fearful faces). Kujawa et al. ([@B69]) compared the impact of different types of anxiety disorders on the LPP. They highlighted that LPPs to threatening faces were enhanced for SAD, compared to GAD or SEP. The results of this study suggest that the LPP may be a useful measure of threat reactivity in children with anxiety disorders and they confirmed the hypothesis of the early development of attentional biases toward threat in youths (Bar-Haim et al., [@B9]). The enhancement of the LPP in reaction to threats and particularly with subject-specific stimuli has also been demonstrated in adults suffering from anxiety disorders (Kujawa et al., [@B69]).

Moreover, higher LPP amplitudes to unpleasant stimuli were associated with longer RTs in a specific task called "the black box task" (Goldsmith and Rothbart, [@B43]). In this task, 5-to 7-year-old children were asked to put their hands inside a box that had "something scary inside" and the independent measure was the time required for the children to do so. These results suggest a relationship between a more positive LPP and fearful behaviors in children of these ages. Finally, given the high comorbidities between anxiety disorders and phobias (James et al., [@B60]), Leutgeb et al. ([@B76]) studied the LPP in response to symptom provocation in 8- to 12-year-old spider-phobic girls, using a behavior avoidance test (BAT). Their results showed that phobic girls showed enhanced LPP amplitudes in response to spider pictures, reflecting motivated attention to emotionally salient stimuli.

The LPP can also be used to study the development and the maintenance of emotional regulation in anxiety disorders (Hajcak and Dennis, [@B46]). Interestingly, LPP amplitudes can be increased or attenuated if participants are asked to direct their attention to less or more arousing portions of emotional stimuli (Dunning and Hajcak, [@B29]) using a technique called reappraisal (Wessing et al., [@B133]). DeCicco et al. ([@B26]) questioned reappraisal and LPP down-regulation in a group of 5- to 7-year-old children: the LPP amplitudes were larger in response to unpleasant than to neutral pictures and correlated with greater maternal-reported anxiety and observed fearful behaviors, but reappraisal did not modify LPP. The authors concluded that young children do not yet have the neural maturity to use reappraisal strategies effectively in order to regulate the affective and attentional processes measured by the LPP (DeCicco et al., [@B26]).

Consistently, Dennis and Hajcak ([@B28]) recruited older children from 5 to 10 years and found that reappraisal led to a reduction of the LPP amplitude in response to IAPS stimuli (Dennis and Hajcak, [@B28]), supporting the idea that reappraisal capabilities evolve with the maturity of the fronto-parietal network (Wessing et al., [@B133]). Finally, Hua et al. ([@B57]) examined changes in LPP amplitudes following simplified interpretations of unpleasant pictures in preschoolers. They showed that LPP amplitudes, after neutral interpretations, were lower than after negative interpretations, suggesting that preschoolers as young as 4 years have developed the ability to use cognitive reappraisal strategies following instructions.

Even though there have been no studies investigating the reappraisal abilities in anxious children to date, the empirical data presented here suggest that the LPP may be an useful measure of cognitive emotion regulation, threat reactivity and emotion processing biases in youths with anxiety, in relation to age.

Component related to answer processing: the ERN and the Pe {#s6}
==========================================================

The ERN is a negative deflection that occurs at fronto-central sites approximately 60--110 ms after a wrong response (Falkenstein et al., [@B35], [@B36]; Luu et al., [@B85]; Pailing and Segalowitz, [@B107]). The concept of "errors" may refer to incorrect responses in choice-reaction time tasks (errors of choice) and uninhibited responses, for instance on no-go trials (errors of commission; Scheffers et al., [@B122]) or to the lack of an answer in a target trial (errors of inaction). The ERN is not affected by the type of the stimulus (Bernstein et al., [@B14]) or the modality in which the stimulus is presented (Falkenstein et al., [@B36]) and is output-independent (Holroyd et al., [@B56]). The ERP wave is considered to be a signal resulting from the mismatch between a response and the outcome of this response (Falkenstein et al., [@B36]; Wiersema et al., [@B134]). Taken together, the ERN reflects a "monitoring system" for detecting errors (Wiersema et al., [@B134]; Santesso et al., [@B120]). This monitoring system is essential for preventing undesirable actions and optimizing task performance (Wiersema et al., [@B135]).

The production of an error may also be followed by a second component, the error positivity (Pe, Falkenstein et al., [@B35]). This late positive deflection occurs at centro-parietal sites approximately 200--400 ms after response execution (Falkenstein et al., [@B36]; Ladouceur et al., [@B70]) and has been observed for corrected and uncorrected responses, as well as on false-alarm trials (Nieuwenhuis et al., [@B102]). Thus, the Pe cannot be considered as a correlate of the error correction process but is more likely to be a conscious process of the error event (Falkenstein et al., [@B36]). According to Falkenstein et al. ([@B36]), the Pe may be related to the controlled adjustment of response strategies after the recognition of an error, or may reflect the recognition of the error (Wiersema et al., [@B135]). Furthermore, the Pe may reflect the emotional significance of the error to the participant (Santesso et al., [@B120]).

Error monitoring underlined by the ERN and the Pe is associated with activation in the ACC (Kiehl et al., [@B65]), which is centrally involved in controlling or directing attention and actions (Wiersema et al., [@B135]). However, the ERN and the Pe may be functionally and anatomically distinct (Wiersema et al., [@B135]) as studies have localized the generator of the Pe in the rostral part of the ACC and the parietal cortex whereas the ERN is generated in the caudal part of the ACC (Van Veen and Carter, [@B130]).

From a developmental point of view, the ability to identify error production seems to have matured at the age of 4 years and undergoes its maximal development during early adolescence (Davies et al., [@B25]; Ladouceur et al., [@B71]; Hogan et al., [@B54]; Grammer et al., [@B44]). Using a go/no-go task, Wiersema et al. ([@B135]) found that latencies of incorrect responses compared to correct responses were shorter in children and adolescents than in adults. Indeed, they showed that children (age 7--8 years) have much smaller ERN than adolescents (age 13--14 years) and adults (age 23--24 years) and thus ERN seems to increase with age. The same effect was observed for ERN latencies: latencies for incorrect compared to correct responses were shorter in children and adolescents than in adults (Wiersema et al., [@B135]). These findings are in line with those of Davies et al. ([@B25]), and those of Ladouceur et al. ([@B71]), who did not find a difference between children (age 9--14 years) and adolescents (age 14--17 years) in ERN and Pe amplitudes and latencies. Taken together, these results suggest that the ERN and the Pe do not seem to appear until late adolescence suggesting that the ability to detect error-related conflict which involves the modulation of cognitive control, develops in adolescence (Ladouceur et al., [@B71]).

Anxiety disorders in children, similar to high levels of negative affect or depression, have been associated with increased ERN amplitudes resulting from altered maturational patterns of ACC circuitry (Ladouceur et al., [@B70]). Three studies used a visual flanker task to reveal higher ERN amplitudes in children with anxiety. Ladouceur et al. ([@B70]) demonstrated increased ERN amplitude in 10- to 12-year-old anxious children as compared to children with no affective disorders, and attributed this result to higher levels of negative affect in anxious children. This result was replicated in 8- to 16-year-old children with obsessive--compulsive disorders, GAD and SEP (Carrasco et al., [@B20]). Moreover, Santesso et al. ([@B120]) showed that parent-reported obsessive--compulsive behaviors were associated with larger ERN and Pe components at fronto-central sites in clinically normal 10 year-old children. Using a go/no-go task with facial stimuli depicting angry, neutral, and happy expressions, Hum et al. ([@B58]) confirmed that anxious children produced greater ERN amplitudes and thus greater error-related negativities and correct-response negativities than typically developing children. At a behavioral level, there was no significant differences in accuracy, response duration, go response times or error no-go response times, suggesting that the neural activation is not due to variation in task performance (Hum et al., [@B58]).

The hypothesis of a relationship between negative affect and an enhanced ERN is congruent with the model developed by Luu et al. ([@B86]). This model assumes that the ERN indexes an affective signal of distress when an individual detects a discrepancy between action and an emotionally-salient goal (Weinberg et al., [@B131]).

Interestingly, enhanced ERN amplitudes at age 6 years predicted the onset of anxiety disorder by age 9 (Meyer et al., [@B92]). Moreover, Meyer et al. ([@B94]) found the relation between anxiety disorders and ERN amplitudes is also moderated by age: increased anxiety based on parent report was correlated to a larger ERN in older children (age 11--13 years), but this relation was opposite for younger children (age 8--10). These results indicate that ERN evolves with development to increase in anxious children around age 12 years (Davies et al., [@B25]).

Finally, the ERN appears to be modulated by early childhood temperament (Lahat et al., [@B72]). Using a visual Flanker task, these authors found that a high BI at age 7 years is associated with increased ERN amplitudes and predicts social phobia symptoms at age 9 years (Lahat et al., [@B72]). Increased ERN amplitude may index enhanced vigilance and fear of negative evaluation, and rigid and over-controlled behaviors, in social situations which, in turn, could lead to maladaptative social--emotional behaviors including phobia symptoms.

That relationship between a history of inhibited temperament and subsequent altered reward processing is congruent with the functional magnetic resonance (fMRI) results from Bar-Haim et al. ([@B7]), who demonstrated heightened response monitoring and increased performance concerns in 14- to 18-year-old adolescents (Bar-Haim et al., [@B7]). The association between negative affect and the perceived distress with error commission may be reinforced by punitive parenting, as suggested in a longitudinal study by Meyer et al. which followed children over a period of 3 years (2013, 2014, 2015). These authors evaluated parenting behavior and parenting style in parents of 3-year-old children and they used a go/no-go task in a follow-up assessment, which included evaluation of child psychopathology 3 years later (Meyer et al., [@B91], [@B92]). Moreover, in children, a larger ERN could be predicted by observational and self-reported harsh parenting, possibly because a hostile parenting style intensifies the threatening value and salience of errors and caused children to pay increased attention to their own error production, which is a risk for anxiety (Meyer et al., [@B93]).

In conclusion, although little information is available on Pe in children with anxiety, the ERN appears to be consistently modulated by anxiety, and could therefore constitute a promising biomarker for exploring defensive reactivity in children with anxiety symptoms or those who are at risk of anxiety.

Discussion {#s7}
==========

The aims of this paper was to present the electro-physiological components underpinning the processing of emotional information and to discuss the role of an attentional control deficit in the development and maintenance of attentional biases in anxious children. First, we will present the results for each component of interest highlighted in this review.

The results of this paper showed that very few studies have investigated the automatic visual processing in anxious children and thus the P1. However, the studies that have investigated this component showed a larger P1 amplitude when anxious children were confronted with emotional face regardless of the emotional valence of the face. These results suggest an increased attentionnal processing of emotional faces in anxious children (Hum et al., [@B58]). Thus, we can conclude that faces are considered as threatening by anxious children regardless of their emotional valence. Furthermore, there is a selective attention bias toward these faces (Richards et al., [@B115]) and the automatic attentional subsystem in anxious children would have superiority due to a deficit in attentional control (Eysenck et al., [@B34]). These results are in line with those observed in adults with high trait anxiety, who showed an enhancement of the P1 in response to angry faces (Fox et al., [@B41]; Frenkel and Bar-Haim, [@B42]), but also to phobia-relevant stimuli in phobic adults (Michalowski et al., [@B95]), and to all emotional stimuli in socially anxious adults (Mueller et al., [@B98]; Muhlberger et al., [@B99]; Rossignol et al., [@B117]) suggesting an increased vigilance in anxious states (Peschard et al., [@B109]). Given the results presented here, we can conclude that the P1 can be considered as an endophenotype of anxious disorders but also a biological marker useful for assessing treatment\'s efficacy.

We observed that the amplitude of the N2 can also be modulated by anxiety disorders (Hum et al., [@B58],[@B59]). Indeed, using a go/no-go task, Hum et al. ([@B58]) demonstrated larger N2 amplitudes in children who were confronted with emotional faces regardless of their emotional valence. These results suggest that anxious children allocate more neural resources to attentional control and inhibition. Furthermore, the lack of emotional specificity can be interpreted in two different ways: either anxious children consider every emotional face as threatening, or they feel anxious throughout the task and thus cannot distinguish different emotional patterns (Hum et al., [@B58]). In their study, Hum et al. ([@B58]) highlighted that the neurophysiological data can be observed in the absence of behavioral effects. They confirmed the hypothesis of the attentional control theory developed by Eysenck et al. ([@B34]). In their theory, Eysenck et al. ([@B34]) differenciated the notions of efficiency and effectiveness, postulating that anxious individuals show similar behavioral performance as non-anxious individuals, although they recruit more attentional resources. In line with that, Hum et al. ([@B59]) also conducted a study in order to investigate the N2 before and after CBT intervention. They showed an enhancement of the N2 amplitude in children who had less anxious symptoms after therapy. This suggests that children who benefit more from CBT are those who recruit more cognitive resources while performing an attentional task. These results are also correspond the findings of other studies that showed an enhancement of prefrontal activity and of the N2 (Eldar and Bar-Haim, [@B32]; Maslowsky et al., [@B90]). However, it may seem counterintuitive that N2 enhancement can be interpreted as reflecting attentional control impairment in some studies, but improvement in others; thus, future studies are required for clarification, notably by controlling the experimental protocol and the level of conflict induced. High density recordings may allow detection of the neural source with more precision; it could be interesting to use combined fMRI and electro-encephalography (EEG) techniques (Campanella et al., [@B19]) to develop a precise model of the relationship between the occurrence of the N2 occurrence and the activity in the ACC and PFC.

Regarding the P3, studies have shown an enhancement of the P3 in children with anxiety disorders when they have to process and inhibit irrelevant stimuli that have a strong emotional valence (Éismont et al., [@B30]). These results concur agree with the hypothesis of cortical immaturity. Indeed, the major generators of the P3 are located in the PFC which is implicated in affect mediation, cognition and behavior regulation (Halgren et al., [@B51]). The maturation of the PFC takes longer in childhood, explaining the difficulties of anxious children in consciously controlling attentional processing and regulating their emotions. Since we here focused on the inhibitory capability of anxious children, this review mainly considered about the P3 no-go component. Nevertheless, the P3-go may also be interesting in this context. Indeed, studies conducted in anxious adults have demonstrated an enhancement of RTs for the recognition of deviant faces in attentional oddball paradigms. This enhancement was accompanied by an enhancement of the P3 amplitude suggesting facilitated attentional processing of deviant stimuli (Rossignol et al., [@B118]; Moser et al., [@B97]; Righi et al., [@B116]). These results recall the distinction between the notions of efficacy and the effectiveness by Eysenck et al. ([@B34]) since the increased electro-physiological responses reveal cognitive strategies used by anxious individuals in order to maintain attentional performances.

The LPP also presented some particularities in anxious children. Indeed, Kujawa et al. ([@B69]) showed enhancement of LPP amplitudes in these children when they were confronted with angry or fearful faces. The results suggest sustained attentionnal processing in response to threatening faces (Bar-Haim et al., [@B9]; Richards et al., [@B115]). Furthermore, as highlighted by Dennis and Chen ([@B27]), the LPP has an excellent temporal sensitivity and thus allows detection of similarities and differences between children suffering from different disorders, and also allows comparison of child and adult performance in an emotion regulation task. The LPP also appears to be a clinical measure for determining which children are at risk of developing psychopathological conditions due to difficulties with emotional regulation. Indeed, Kujawa et al. ([@B67]) have demonstrated that the LPP can be considered as a vulnerability marker for depression.

Finally, studies conducted in children with anxiety disorders showed an enhancement of the ERN amplitude. This enhancement was also observed in children with depressive affects (Ladouceur et al., [@B70]). This may be due to a disorder of the maturation of the ACC which is the generator of this component. However, the literature shows that the ACC and the PFC are the generators of attentional control (Banich et al., [@B4]), particularly in conflict situations (Milham et al., [@B96]). A maturation disorder thus has an impact on attentional control, leading to attentional biases.

The results reviewed here confirm the notion that emotional biases in children with anxiety disorders can be indexed by electro-physiological component. Furthermore, these emotional biases highlight a deficit of attentional control in these children (Eysenck et al., [@B34]). The attentional control deficit leads to an imbalance between the automatic attentional subsystem and the strategic attentional subsystem, so that attentional biases could be observed at different stages of the attentional processing.

These biases can be attested by the study of the underlying electro-physiological components in children with anxiety disorders as shown in Figure [1](#F1){ref-type="fig"}.

![**Impact of anxiety disorder on attention processing of emotional stimuli**.](fpsyg-07-00562-g0001){#F1}

The increased use of neural resources manifests immediately after the onset of the threatening stimulus. Firstly, studies have shown the impact of the attentional perception level, since the enhancement of P1 reflects visuo-spatial processing (Hum et al., [@B58]). Secondly, the deficit of attentional control has an impact on conflict detection, manifested by an enhancement of the N2 (Hum et al., [@B58]), and on response inhibition, manifested by enhancement of the P3 (Éismont et al., [@B30]). The attentional control deficit also has an impact on sustained attention, as manifested by an enhancement of the LPP amplitude in children (Kujawa et al., [@B69]). Finally, it has an impact during response monitoring, since studies have shown an enhancement of the ERN, thereby reflecting error detection and an enhancement of the Pe which is associated with error recognition (Ladouceur et al., [@B70]).

The results observed in anxious children are in line with those that had been observed in adults with the same psychopathological states (for review, see Bar-Haim et al., [@B8]). Furthermore, studies of the different components appear to be interesting in the early investigation of attentional biases in children who are at risk of developing a psychopathological disorder. Pollak and Tolley-Schell ([@B111]) showed that hypervigilance to threatening faces in abused children manifested as an enhancement of the P1. The P3 was also enhanced when children were confronted with an angry expression from their mother (Shackman et al., [@B124]). The N2 can be modulated by extreme shyness (Henderson, [@B52]). Behavioral inhibition also has an impact on ERN. Indeed, Lahat et al. ([@B72]) have stated that enhancement of the ERN in these children suggests increased vigilance and a fear of negative evaluation, which could lead to the development of anxiety disorders. These results support the hypothesis that some electro-physiological components can be considered as endophenotypes or biological markers of anxiety disorders. Early investigation of these components could lead to the development of different types of innovative care for children at risk of developing psycho-pathological disorders. Indeed, the association between an attentional control deficit and anxious symptoms due to the development of attentional biases toward threat indicates that attentional training programs may be useful in the treatment and prevention of anxiety disorders (Bar-Haim, [@B6]; Bar-Haim et al., [@B10]; Eldar et al., [@B31]). This paper summarized the existing literature on attentional processing of emotional information and their electro-physiological correlates. Although the literature is emergent, consistent results have been demonstrated, although further replication and specification are required. Indeed, the disctinctions between the effects of various anxiety disorders may be difficult to establish, since most of studies have not distinguish between the different types of anxiety disorders. Furthermore, subsequent studies (e.g., those on P1) are needed to determine whether the effects observed in anxious children are specific to emotional stimuli or involve all types of stimuli. Such future studies could also indicate in which type of anxiety disorder the observed effects are the most consistent. Indeed, we should compare different types of anxiety disorders and investigate whether the observed electro-physiological effects are correlated to a specific dimension of anxiety (e.g., fear of being judged) or to a more general effect of arousal.

Conclusion {#s8}
==========

In conclusion, this review highlighted the fact that the study of electro-physiological components that underpin attentional processing of emotional stimuli in anxious children allow modeling of the impact of anxiety on cognition. Indeed, the results summarized here support the hypothesis of an attentional control deficit in anxious children, leading to attentional biases. We can observe these biases at different stages of the attentional process by studying the underpinning ERP components. However, further studies are needed in to obtain more information and provide a more comprehensive theoretical framework for this subject.
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